The adenovirus (Ad) E1A (Ad-E1A) oncoprotein mediates cell transformation, in part, by displacing E2F transcription factors from the retinoblastoma protein (pRb) tumor suppressor. In this study we determined the crystal structure of the pRb pocket domain in complex with conserved region 1 (CR1) of Ad5-E1A. The structure and accompanying biochemical studies reveal that E1A-CR1 binds at the interface of the A and B cyclin folds of the pRb pocket domain, and that both E1A-CR1 and the E2F transactivation domain use similar conserved nonpolar residues to engage overlapping sites on pRb, implicating a novel molecular mechanism for pRb inactivation by a viral oncoprotein.
The retinoblastoma protein (pRb) functions as a principle checkpoint protein of the G1-S cell cycle transition. Loss-of-function mutations and other genetic alterations effecting pRb function are frequently found in human cancer. pRb, also known as p105, belongs to a functionally related nuclear pocket protein family including two other members, p107 and p130, which share significant sequence homology with pRb in the large pocket region encompassing the A and B cyclin fold domains and C-terminal region of pRb.
pRb and its orthologs inhibit G1-S cell cycle progression by binding and repressing the transcriptional activation activity of E2F transcription factors. The mechanism of pRb-mediated transcription inhibition has been a subject of extensive study. The picture that has emerged is that pRb binds to and sequesters E2F transcription factors by interacting primarily with two regions on E2F, the transactivation (TA) domain and the marked box (MB) domain. Structural studies reveal that while pRb binds to E2F-TA through a cleft between the A and B cyclin folds of the pRb pocket domain (Lee et al. 2002; Xiao et al. 2003) , the C-terminal domain of pRb interacts with the MB domains of an E2F/DP heterodimer (Helin et al. 1992; Dyson 1998; Lee et al. 2002; Dick and Dyson 2003; Xiao et al. 2003; Rubin et al. 2005) . The pRb/E2F-DP complex is also capable of recruiting histone deacetylases (HDACs) to E2F promoter regions for transcriptional repression (Harbour and Dean 2000) .
pRb is a common target of viral oncoproteins, including adenovirus (Ad) E1A, human papillomavirus (HPV) E7, and simian virus 40 (SV40) large T antigen (LTa). These small DNA viruses usurp the DNA replication machinery of host cells to achieve viral genome replication by prematurely stimulating cell cycle S-phase entry, leading to the aberrant dissociation of the E2F transcription factors from pRb with subsequent transcriptional activation of E2F-regulated S-phase genes .
As a versatile regulatory viral protein, Ad-E1A is able to interact with numerous cellular factors including the pRb pocket proteins (Whyte et al. 1988; Ewen et al. 1991; Li et al. 1993) , and other transcription factors including p300/CBP (Arany et al. 1995) , CtBP (Schaeper et al. 1995) , SWI2/SNF2-related p400 (Fuchs et al. 2001) , and the Sur2 component of the mediator complex (Boyer et al. 1999) . Human adenoviruses can be grouped into six classes, and E1A proteins of serotypes 2/5 and 12 from classes C and A, respectively, are the most well studied (Fig. 1A) . Ad-E1A shares limited sequence homology with HPV-E7 and SV40-LTa within a strictly conserved LxCxE motif that mediates high-affinity binding to pRb. The structure of the pRb pocket domain bound to a LxCxE-containing peptide from HPV-E7 reveals that the LxCxE sequence binds within a shallow groove on the B domain of the pocket (Lee et al. 1998) . Biochemical and structural studies suggest that while conserved region 3 (CR3) of HPV-E7 competes for a portion of the pRb Cterminal region that partially overlaps with one of the bipartite binding sites for the E2F/DP heterodimer, leading to E2F displacement (Kim et al. 2001; Rubin et al. 2005; , the LTa of SV40 uses an ATPdependent molecular chaperon mechanism to dissemble pRb/E2F complexes (Kim et al. 2001) .
Adenovirus E1A appears to disrupt pRb/E2F complexes through a mechanism that differs from HPV-E7 and SV40-LTa. In particular, biochemical studies reveal that the N-terminal CR1 domain of E1A mediates E2F displacement in a competitive manner (Fattaey et al. 1993; Ikeda and Nevins 1993) . In order to determine the mechanistic basis for how Ad-E1A mediates the disruption of pRb/E2F complexes, we determined the X-ray crystal structure of the pRb pocket domain in complex with the CR1 region of Ad-E1A. The structure and complementary biochemical studies reveal that the CR1 region of Ad-E1A and the TA domain of E2F use analogous residues to directly compete for the same binding site on pRb, implicating a novel molecular mechanism for pRb inactivation by a viral oncoprotein.
Results and Discussion
Overall structure of the pRb/E1A complex The CR1 domain of E1A was defined by sequence alignments from different serotypes to span residues 42-72 of [Keywords: Retinoblastoma protein; viral oncoprotein; adenovirus E1A; tumor suppressor; pRb/E1A complex] serotype 5 adenovirus E1A (Ad5-E1A) (Avvakumov et al. 2004 ). This region harbors distinct nonoverlapping binding sites for pRb and p300/CBP (Wang et al. 1993) . The boundary for p300/CBP binding within CR1 was previously determined to start around residue 50 (Loewenstein et al. 2006) , thus implicating residues 42-49 for pRb binding. Consistent with this, a peptide encompassing residues 37-49 of Ad5-E1A was shown to be necessary and sufficient to disrupt pRb/E2F complexes Fattaey et al. 1993; Ikeda and Nevins 1993) . Based on this data, a peptide encoding residues 37-49 of Ad5-E1A (Fig. 1A) was used for cocrystallization with the pRb pocket domain (residues 380-787 harboring an internal loop deletion of residues 582-642). Crystals of the complex were obtained in spacegroup P 1 and the structure was determined with molecular replacement using the pRb core domain chain A of PDB entry 1N4M as the search model.
The structure of the pRb pocket domain is essentially superimposable with other reported pRb pocket domains in various liganded complexes (Lee et al. 1998 (Lee et al. , 2002 Kim et al. 2001; Xiao et al. 2003) . The E1A-CR1 peptide binds within a deep groove at the interface of the A and B cyclin fold regions of the pRb pocket domain, largely formed by helices ␣4, ␣5, ␣6, ␣8, and ␣11 of the pRb pocket domain (Fig. 1B) . This contacted surface of pRb is highly conserved within the pRb pocket proteins (Fig.  1C) . This conservation argues for a conserved and common mechanism of E1A CR1 domain binding to the family of pRb pocket proteins. Like in the binding of E2F-TA to pRb (Lee et al. 1998 ), binding of E1A-CR1 to pRb increases the ordering of the connecting loop, L1, between the ␣4 and ␣5 helices of pRb (Fig. 1B) . Ten of 13 residues of the E1A-CR1 peptide are well ordered in the structure of the complex (Fig. 1D ) and harbor the nine most highly conserved residues of the E1A-CR1 peptide (residues 41-49) (Fig. 1A) . Residues 43-47 of the E1A-CR1 peptide form a short one-turn ␣ helix, and flanking residues form extended loops. Together, binding of this E1A-CR1 peptide to the pRb pocket domain buries a total solvent accessible area of 1623 Å 2 . Intriguingly, similar to the crystals of the pRb/E2F-TA complex (PDB entry 1N4M) (Lee et al. 2002) , there are two pRb molecules and three peptides in one asymmetric unit of the crystal lattice, with the extra copy of E1A-CR1 loosely bound to a shallow groove on the side of the B domain, which overlaps with the binding site for the LxCxE peptide of HPV-E7 (Lee et al. 1998 (Lee et al. , 2002 . The residues of E2F-TA and E1A-CR1 that are engaged in pRb binding at the B domain diverge significantly from the more extensively bound LxCxE peptide, although two common residues, Y756 and N757, from pRb form hydrogen bonds with the main-chain atoms of each of the peptides, implicating that this site of pRb may be involved in binding to other proteins as suggested previously (Lee et al. 2002) .
Structural comparison with the pRb/E2F complex and molecular determinants for pRb/E1A-CR1 interaction
A structural alignment of the pRb/E1A-CR1 complex with the structure of pRb bound to the TA peptide of E2F (PDB entry 1N4M) reveals that the two peptides bind to overlapping binding sites on pRb (Fig. 1B) . In analyzing the structural determinants for E1A-CR1 binding to pRb, three highly conserved hydrophobic residues, L43, L46, and Y47 can be aligned with similar residues of E2F-TA, I422, L425, and F426, and the corresponding residues occupy a similar hydrophobic pocket on the pRb surface (Figs. 1B, 2A). In contrast, an E1A-CR1-specific and semiconserved H44 residue (Fig. 2C ) mediates a hydrogenbonding network with both the main chain and side chain of residues E464 and N472 from the ␣4 helix and L1 loop of pRb, respectively (Fig. 2B) . Strikingly, N472 of pRb in the E2F complex points away from the binding groove, but moves ∼8 Å toward the binding groove of the E1A complex to make a hydrogen bond with the H44 side chain of E1A. The carboxyl oxygen of the E464 side chain of pRb also makes three hydrogen bonds with the H44 side chain, main chain, and L43 main chain of E1A, respectively. The main-chain oxygen of P40 of E1A also makes two additional hydrogen bonds with the R467 guanidinium group of pRb. This arginine residue is shifted by ∼5 Å relative to its position in the E2F complex. Notably, the side chain and main chain of E45 forms an intramolecular hydrogen bond with both the main-chain and side-chain atoms of T42 that appears important for the formation of the short ␣ helical secondary structure within the middle of the E1A-CR1 peptide ( Supplementary Fig. S1 ). Finally, hydrophobic residues at both ends of the E1A-CR1 peptide, including P40 and P41 on the N-terminal end and L49 on the C-terminal end, are also involved in van der Waals interactions with pRb.
Using the structurally aligned hydrophobic residues L43, L46, and Y47 of E1A-CR1 as anchors, the primary sequence of E1A-CR1 can be aligned with E2F-TA (Fig.  2C) , which reveals additional sequence conservation between the E1A-CR1 and E2F-TA peptides. In particular, residues E45 and D48 of E1A-CR1 can be aligned with residues D424 and D427 of E2F-TA. These acidic residues are not structurally aligned; however, this sequence conservation may reflect another shared cellular target of the E2F and E1A proteins.
Mutational analysis of the pRb-E1A interface
To dissect the functional contribution of different pRb-E1A-binding determinants, we carried out solution-binding studies of selected E1A-CR1 mutants using both GST pull-down and isothermal titration calorimetry (ITC).
As shown in Figure 3A , GST-pRb (residues 376-787) harboring the A and B domains of the pRb pocket domain stoichiometrically pulls down E1A-CR1CR2CR3 (residues 36-189) and E1A-CR1CR2 (residues 37-140) as positive controls. To specifically assay the contribution of CR1 residues for pRb interaction, we used a CR2-deleted E1A construct, E1A-CR1-linker (residues 37-121). Using this protein construct, we show that pRb specifically pulls down E1A-CR1-linker (residues 37-121) and the corresponding H44Y and L46A mutants, although the mutants show impaired pRb binding. Other CR1 mutants including L43A, H44A, H44Q, L47G, and L47R fail to interact with pRb under these assay conditions (Fig. 3A) . H44Y and H44Q mutants were designed to mimic the naturally occurring variations at this position in E1A proteins from other serotypes (Fig. 1C) .
The GST pull-down results described above were con- GST pull-down experiments using GST-pRb pocket domain and untagged E1A proteins. The GST-pRb pocket domain runs at ∼80 kDa, and white arrows point to the different E1A protein constructs that are pulled down by GST-pRb. (B) Reciprocal GST pulldown using GST-E1A-CR1 (residues 37-49) and GST-E1A-CR1-linker (residues 37-121) proteins. His-tagged pRb large pocket (residues 376-928) that is pulled down runs at ∼65 kDa. 
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Cold Spring Harbor Laboratory Press on September 29, 2017 -Published by genesdev.cshlp.org Downloaded from firmed using reciprocal GST pull-down experiments using GST-E1A proteins. As shown in Figure 3B , both wildtype GST-E1A-CR1 harboring only the minimal binding residues 37-49 of E1A and wild-type GST-E1A-linker efficiently pull down ∼20% of input His-tagged pRb (residues 376-928 or large pocket). In contrast, the L43A, Y47G, and Y47R mutants completely abolish pRb-binding activity, and mutations on H44 and L46 impair pRbbinding activity.
To obtain more quantitative information on pRb binding by E1A-CR1, we used ITC experiments with an E1A-CR1-linker (residues 37-121) construct. As can be seen in Figure 3 , C and D, the E1A-CR1-linker binds the pRb core domain with a disassociation constant of ∼1 µM and with a stoichiometry of 1:1. The binding is endothermic, consistent with the largely hydrophobic nature of the pRb-E1A-CR1 interface that is observed in the crystal structure of the complex.
Of the three hydrophobic anchor residues that appear to play a particularly important role in stabilizing the pRb-E1A-CR1 interface, residues L43 and Y47 appear to be indispensable for pRb binding, as mutation of these residues completely abolishes pRb binding under the ITC condition, while the L46A E1A mutant decreases pRb-binding affinity by ∼10-fold (Fig. 3D) . Given the extensive pRb interactions that are mediated by H44 of E1A-CR1, we also assessed the effect of mutating H44. As shown in Figure 3D , all H44 mutants are defective in pRb binding and mutation of a H44-contacting residue in pRb, N472A (Fig. 2B) , shows a 20-fold reduction in binding affinity for E1A-CR1 (Fig. 3D) .
Mutational analysis for E1A-CR1-mediated E2F displacement activity from pRb
Having established the functional importance of specific structural determinants for E1A-CR1 binding to pRb, we next assessed their importance for disruption of pRb/E2F complexes utilizing an ELISA-based pRb-E2F displacement assay that measures the amount of undisplaced E2F remaining bound to pRb. In control experiments, we first established the relative importance of the CR1 and CR2 domains of E1A for disruption of pRb/E2F complexes. As shown in Figure 3E , the wild-type E1A-CR1CR2 (residues 37-140) construct shows robust E2F displacement activity, even at a concentration of E1A-CR1CR2 close to 1 nM. Deletion of the high-affinity pRb-binding LxCxE-containing CR2 region of E1A severely compromises displacement activity, as a significant amount of E2F displacement is only observed at 1 µM of the E1A-CR1-linker construct (data not shown). Interestingly, deletion of the entire CR1 domain of E1A does not deplete all of the E2F displacement activity in this assay, and significant E2F displacement is observed at an E1A-linker-CR2 (residues 50-140) concentration of 100 nM, a 100-fold higher concentration than required for the E1A-CR1CR2 (residues 37-140) construct. These results suggest that both the CR1 and CR2 regions of E1A contribute to disruption of pRb/E2F complexes.
In the context of the E1A-CR1CR2 (residues 37-140) protein construct, several single mutants within the CR1 region of E1A were analyzed for E2F displacement activity (Fig. 3E) . The results of these studies reveal that these mutants can be grouped into two categories based on their potency of displacing E2F from pRb. While the L43A and Y47G E1A mutants display impaired displacement activity, comparable with the CR1 deletion mutant, H44A, H44Y, and L46A have a milder effect on displacement activity. Taking this data together with the pRb/E1A-CR1-binding studies described above, we concluded that L43, Y47, and, to a lesser extent, L46 and H44 of the E1A-CR1 region play key roles in both pRb binding and E2F displacement.
Correlation with previous functional studies
The structure of the pRb/E1A-CR1 complex described here presents a molecular picture for pRb interaction with E1A-CR1 and E1A-CR1-mediated E2F displacement from pRb. These studies correlate well with functional studies that have been reported over the past two decades, as summarized below.
The involvement of E1A-CR1 in pRb binding has been underscored in several previous studies using E1A constructs harboring full or partial CR1 deletions or E1A-CR1 peptides (Egan et al. 1988; Dyson et al. 1992; Fattaey et al. 1993; Ikeda and Nevins 1993; Wong and Ziff 1994) . We also observed significant binding affinity of E1A-CR1 to pRb with an apparent dissociation constant of ∼1 µM. Moreover, the E1A-CR1 and E2F-TA-binding sites on pRb had been previously suggested to be overlapping based on peptide competition assays (Fattaey et al. 1993 ). Here we show that E1A-CR1 structurally resembles one of the bipartite pRb-binding sequences of E2F-TA and occupies an overlapping site within the interface of A and B cyclin folds of the pRb pocket domain (Lee et al. 2002; Xiao et al. 2003) .
The importance of residue Y47 of E1A-CR1 that overlaps with a corresponding residue of E2F has been highlighted in previous studies, showing that mutation of this residue confers a significant pRb-binding defect both in vitro and in vivo (Wang et al. 1993 ). We further identified and tested two other hydrophobic residues of E1A-CR1, L43, and L46, to be additional molecular determinants for pRb binding. In addition, we found that an E1A unique semiconserved residue H44 is critical for pRb binding as well. Naturally occurring variants in this position in E1A proteins from different adenovirus serotypes appear to affect both pRb binding and E2F displacement activity. An H44Y mutant, mimicking the CR1 domain of Ad12-E1A, is defective in both pRb binding (by 20-fold) and E2F displacement compared with the wild-type counterpart (Fig. 3D,E) . Interestingly, Ad12-E1A has been shown to be less potent in transforming primary BRK cells than Ad2-E1A, and this difference has been previously mapped to the CR1 domain (Leclere et al. 1993) . Like Ad5-E1A, Ad2-E1A also contains a histidine at position 44. Based on this observation, we hypothesize that this variation may correlate with the different transforming abilities of different adenovirus serotypes.
Sequence homology between E1A-CR1 and E2F-TA has been noted previously (Trouche and Kouzarides 1996) ; however, this sequence homology is not compatible with the structural homology used for analogous pRb binding by these proteins. We provided a structurebased sequence alignment using E1A residues L43, L46, and Y47 as anchors, and it correlates with a functional meaning of "viral mimicry" both in primary sequence and spatial arrangement defining an L/I-x-x-L-Y/F motif for E2F-TA displacement from pRb (Figs. 2C, 4) . We propose that other proteins containing such a motif hold the potential for disrupting pRb/E2F complexes through a similar mechanism. Correlating with this possibility, a 17-residue peptide from a functional E1A homolog, Orf22, of chicken embryo-lethal orphan (CELO) virus has been shown to bind to the pRb pocket domain to mediate E2F displacement (Lehrmann and Cotten 1999) . Intriguingly, we find one close variation of the L/I-x-x-L-Y/F motif within the 17-residue peptide from Orf22 (Fig. 2C) , which possibly further expands this motif to L/I/V-x-x-L/V-Y/F. Interestingly, such direct tumor suppressor-inactivating properties by viral mimicry has also been suggested for SV40-LTa, which mimics DNA to directly block the DNA-binding site on p53 (Lilyestrom et al. 2006) .
The functional role played by E1A-CR1 in E2F displacement has been previously described (Raychaudhuri et al. 1991; Fattaey et al. 1993; Ikeda and Nevins 1993; Kim et al. 2001) . The structural information provided in this study now allows us to extend these earlier findings to the molecular level. Our studies reveal a mode of direct competition between E1A-CR1 and E2F-TA that diverges significantly from the mechanism of pRb inactivation by the HPV-E7 and SV40-LTa viral oncoproteins. Interestingly, although E1A protein constructs harboring both the CR1 and CR2 regions disrupt pRb/E2F complexes in the 1-10 nM range of E1A protein, we also observe significant E2F displacement activity for E1A protein constructs in the 100-nM range that lack the entire CR1 domain. This result is not unexpected, since the linker region connecting CR1 to CR2 may exert a nonspecific steric barrier for E2F binding to the pRb pocket domain. The presence of an intact CR1 domain therefore potentiates the E2F displacement activity of E1A to the 1-10 nM concentration range, which may reflect the physiological concentration of E1A in vivo.
Model for Ad-E1A disruption of pRb/E2F complexes
Taking the present structure together with a previously reported pRb/HPV-E7-CR2 complex suggests that the CR1 and CR2 regions of E1A work together to achieve maximal E2F displacement activity. In particular, the binding sites for CR1 and CR2 on the pRb pocket domain are ∼30 Å apart, and a long flexible linker between CR1 and CR2 is apparently required to have both domains function in synergy to displace E2F through an intramolecular displacement mechanism that is depicted in Figure 4A . Alternatively, it is formally possible that the CR2 region of E1A might bind one pRb molecule, while the CR1 domain of the same E1A molecule might bind a second pRb molecule of a pRb oligomer to displace E2F through an intermolecular mechanism. Although there is no direct evidence for such a mechanism, the presence of pRb oligomers has been suggested previously ( Fig. 4B ; Hensey et al. 1994 ). In conclusion, the structure of the pRb/E1A complex with the associated biochemical studies reported here provides a molecular basis for understanding how the pRb tumor suppressor is inactivated by the adenovirus E1A protein and paves the way for the structure-based design of compounds to antagonize the ability of E1A and other viral oncoproteins to mediate cell transformation.
Materials and methods

Crystallization and structure determination
The pRb central pocket and adenovirus E1A-CR1 domains were overexpressed in bacteria as N-terminal GST fusion proteins and were purified and concentrated as described in the Supplemental Material. Crystals were obtained by mixing E1A-CR1 peptide with pRb in a 2:1 ratio to a final concentration of 15 mg/mL for the pRb/E1A-CR1 complex using the hanging drop vapor diffusion method from a solution containing 15 mM magnesium acetate tetrahydrate, 50 mM sodium cacodylate trihydrate (pH 6.0), and 1.7 M ammonium sulfate. The structure was solved by molecular replacement using chain A of pdb entry 1N4M as the search model and refined as described in the Supplemental Material. The final refined model contains two pRb molecules and three E1A-CR1 peptides (Supplementary Table S1 ).
Pull-down and ITC-binding assays
GST pull-down studies were carried out as described in the Supplemental Material. Briefly, GST-tagged proteins were mixed with pre-equilibrated glutathione-Sepharose 4B beads and either untagged E1A or His-tagged pRb was added and incubated for 1 h at 4°C. The bound protein samples were resolved by SDS-PAGE.
ITC studies were carried out as described in the Supplemental Material. Briefly, purified E1A-CR1-linker (residues 37-121) wild type and mutants as the titrant at a concentration of 600-800 µM were titrated into a reaction chamber containing the loop-deleted central pocket domain of pRb at a concentration of 40-50 µM at 15°C. A nonlinear fit of the data was generated to calculate both the binding stoichiometry and the dissociation constant.
In vitro E2F displacement ELISA assay
An ELISA-based microtiter plate assay was developed to assess the ability of E1A protein constructs to displace E2F from pRb (see Supplemental Material). Briefly, preformed GST-pRb/E2F1 complex was mixed with increasing concentrations of E1A, incubated, and added to a glutathionecoated 96-well microtiter plate. Plates were then washed and anti-E2F1 monoclonal antibody was added to detect the remaining E2F1 bound to GST-pRb on the plate after displacement.
